In the development of synthetic jet actuators (SJAs) for active flow control, numerical simulation has played an important role. In controlling the boundary layer flow separation, an integrated numerical model which includes both the baseline flow and the SJA is still in its initial stage of development. This paper reports preliminary results of simulating the interaction between a synthetic jet and a laminar separation bubble caused by adverse pressure gradient in a boundary layer. The computational domain was three-dimensional and Large-eddy simulation (LES) was adopted. The initial and boundary conditions were defined using or referring to our wind tunnel experimental results. Prior to numerically simulating the interaction between the synthetic jets and the baseline flow, a numerical model for simulating the separation bubble was developed and verified. In the numerical model including the SJA, the synthetic jet velocity at the exit of the SJA was defined as an input. The numerical model was further verified by comparing the simulation with experimental results. Based on reasonable agreement between the numerical and experimental results, simulations were carried out to investigate the dependency of flow control using synthetic jets on the forcing frequency, focused on the lower frequency range of the Tollmien-Schlichting (T-S) instability, and on the forcing amplitude which was represented by the maximum jet velocity at the exit of the SJA. Supporting the hypothesis based on the 1 experiment, LES results showed that the forcing frequency had stronger influence on SJA's effective elimination of the separation bubble than the forcing amplitude did.
Introduction
Despite many 'unknowns' in modeling the fluid flows, the challenge of CFD is now compounded with the introduction of active flow control technologies [[28] ]. In developing synthetic jet actuators (SJAs) for active flow control, extensive work has been conducted on numerical modeling of the synthetic jet generated in a quiescent external flow condition (in the absence of a cross flow) [ [11] , [14] , [17] , [25] ]. In this numerical modeling, the neighborhood of the jet exit was simulated. Kral et al [ [11] ] aimed to model the boundary condition at the exit of the orifice of the SJA. They did not model the air flow inside the cavity but examined three different velocity distributions along the axial centerline of the orifice. They also investigated various jets, laminar and turbulent, pulsed and steady, and achieved very good agreement between the numerical simulation and the experimental measurement. The models in [[14] , [17] , [25] ] included the flow behavior in the cavity of the actuator and simulated not only the jets generated but also the compression/intake and expansion/discharging processes in the cavity.
Most of the reported work on numerical simulation of synthetic jets has been focused on the jets in a quiescent condition. Few publications have reported numerical simulation of the interaction between the synthetic jets and the baseline flow to be controlled. Mittal et al simulated the synthetic jet at the exit of the SJA with cross flow in a boundary layer under a zero pressure gradient [[17] ]. Allan et al [ [2] ] investigated the numerical simulation of a 2-D airfoil controlled by synthetic jets. They demonstrated the CFD model coupled with the model for rigid body motion. Parekh et al [ [20] ] numerically simulated the experiments of Honohan et al [ [10] ] that studied separation control on a thick airfoil using synthetic jet action. Their model successfully predicted the reattachment dynamics and the dependence of controlling reattachment on forcing frequency.
Different flow models and numerical approaches have been consistent in development and enhancement through their applications. The turbulence models and solvers used in simulating the synthetic jets in a quiescent condition include a two-dimensional incompressible flow model with Reynolds-averaged Navier-Stokes (RANS) [[11] ] or Direct Numerical Simulation (DNS) [ [17] ], and three-dimensional model with DNS [ [21] ]. In the 2-D simulation of separation control over an airfoil using synthetic jets, unsteady RANS [ [2] ] and hybrid RANS/LES derived from combining the best features of RANS and LES [ [20] ] have been used.
Prior to numerically modeling the synthetic jets interacting with the baseline flow to be controlled, it is necessary to have a numerical model ready for the baseline flow such as a laminar separation bubble caused by adverse pressure gradient in the boundary layer. The difficulties in modeling the separation bubble, especially the transition from laminar to turbulence, have been well known. As commented by Gad-el-Hak [ [3] ], current inaccuracies in turbulence modeling can severely degrade CFD predictions once separation has occurred. The over-prediction of the production of turbulence kinetic energy and dissipation were reported in [[22] ]. However, while he pointed out the problems, Gad-de-hak also justified that the essence of separation control was the calculation of attached flows, estimation of separation location, and indeed whether or not separation would occur [[3] ]. This has given us certain confidence in using CFD as an alternative tool for developing synthetic jet actuators and also raised our cautiousness for using CFD properly. Direct numerical simulation (DNS) of the incompressible Navier-Stokes equations was applied to simulating the 'short' laminar separation bubble caused by adverse pressure gradient in a boundary layer [ [1] , [23] , [32] ]. Alam and Sandham carried out simulations in both two-and three-dimensions, and concluded that two-dimensional simulation failed to capture many of the detailed features achieved from the three-dimensional simulation. They compared their simulation results of transition length-based Reynolds number varying with local turbulence level with the experimental ones, and showed good agreements. Rist used his DNS results to
give an introduction and an overview on instability and transition mechanisms in laminar separation bubbles [[23] ]. Regarding the numerical methods, Rist commented that RANS did not cover the unsteady flow physics and LES was not yet well proven for transitional flow.
As reviewed above, although the numerical simulations of a synthetic jet in the absence of a cross flow and of a separating boundary layer have been performed respectively, an integrated numerical model including the synthetic jets in a separating boundary layer, is still being developed. Rumsey summarized in 2008 that there had not been many published results for computation of synthetic jet in a cross flow since the CFD workshop organized by NASA in 2004 [26] . Therefore, Work reported in this paper aimed to develop a three-dimensional LES model which was reasonably capable of simulating the laminar separation bubble caused by adverse pressure gradient, to provide a numerical baseline flow required for predicting the effectiveness of a synthetic jet actuator (SJA) in controlling boundary layer flow separation.
Synthetic jet actuator
A synthetic jet, originated from the idea of acoustic streaming [ [15] ], has been known to have zero-net-mass but non-zero momentum fluid flux generated by a device such as a piezooscillator. It has emerged as a versatile actuator with potential applications ranging from separation and turbulence control to thrust vectoring, and augmentation of heat transfer and mixing [ [3] , [8] , [12] , [16] , [30] ]. A unique feature of synthetic jets is that they are formed entirely from the working fluid of baseline flow without requirement of additional mass supply [[6] ]. As shown in the schematic in Fig. 1(a) , a synthetic jet actuator consists of a cavity and an oscillating diaphragm. The jet is synthesized by oscillatory flow through a small orifice to a cavity. The flow is induced by a vibrating diaphragm which forms the bottom wall of the cavity. The synthetic jet actuator (SJA) in the present study used piezoelectric material for driving the oscillating diaphragm, as it promotes desirable characteristics such as low power consumption, fast response, reliability, and low cost [[6] ]. As illustrated in Fig. 1(a) , the SJA has an orifice in the face opposite the membrane. This orifice is open to the boundary layer flow and has a diameter, d 0 , of 0.5 mm. The actuator membrane is a thin circular brass disc, 0.25mm in thickness, held firmly at its perimeter. A piezoceramic disc is bonded to the outside face of the membrane. As specified by the manufacturer, the lowest resonant frequency of the membrane is 900 Hz and its lump sum capacitance is approximately 140 nF. In the wind tunnel experiments, as shown in Fig. 1 , the SJA was installed underneath a flat plate over which the streamwise velocity was measured in a boundary layer developing under an adverse pressure gradient. In operation, the SJA was driven by a sine wave signal generated by a standard electrical function generator. An air jet was synthesized by oscillatory flow in and out of the cavity through the orifice open to the boundary layer. As many other actuators for flow control, SJA tends to be a 2-D excitation device. In Fig. 1(b) are the vortex contours from a 2-D LES simulation of the synthetic jet in a quiescent condition. It shows the formation and development of the 2-D vortex rings of the jet without cross-flow.
Experimental Background
The experiments investigating the synthetic jet actuator for controlling laminar separation were performed in the low speed wind tunnel in the Aerodynamics Laboratory at the University of Technology, Sydney. As shown in Fig. 2 , in the working section, a fairing was set above an aluminum flat plate with its angle adjustable for establishing the desired pressure gradient, similar to that of a diffusion compressor blade. The flat plate, located 1200 mm from the working section entrance, has a high quality surface finish. The leading edge of the upper surface is of slender elliptical form and the plate has a 0. The dimension in y direction was empirically set to be sufficiently high so that the velocity field at the top of the domain was not to be influenced by the separation in the boundary layer at the bottom of the computational domain. The domain is symmetric about the streamwise centerline at z = 0. The reference position, x = 0, y = 0 and z = 0, is the axial centre of the orifice at the exit of the SJA. The inlet of the computational domain is 20 mm upstream of the exit of the SJA, defined as x = -20 mm. In the course of developing this numerical simulation, it was noticed that the shape of the SJA's orifice, round or square, had insignificant effect on the simulation outputs.
Therefore, the round geometry of the orifice was replaced by a simple squared geometry in simulation. The unit of the coordinates is meter.
The computational field was decomposed into six sections which were solved in six parallel processors in a cluster system. This decomposition was made to support the grid size and to reduce the computational time. As the project aimed to simulate the boundary layer interacting with a synthetic jet, the mesh in the boundary layer and in the adjacent area of the orifice of the SJA was finer. As shown in Table 1 summarizes the dimensions of the computational domain and the grid distribution.
Table 1 Dimensions of the computational domain and grid distribution
Grid points 300 60 90 312×82×105
Large eddy simulation
Large eddy simulation (LES) was adopted in this numerical simulation and a commercial code, CFD-ACE, was used as a solver. The governing equations for this flow are the equations of the incompressible Navier-Stokes and the continuity equations. In LES, the velocity components in the Navier-Stokes equations are decomposed into grid scale and sub-grid scale velocity, U i + û i , through the filter in space. Operationally, the filter is described as
Where f represents the filtered value of the field variable, G denotes the filter which is a top hat filter function. Δ f is the filter width. The filtered Navier-Stokes and continuity equations become as follows.
Where ij i j û û τ = is the sub-grid scale (SGS) stress. Proposed methods for the closure of this term are mainly categorized into two groups-eddy viscosity models and scale similarity models. CFD-ACE provides the SGS Eddy Viscosity Coefficient model in which the SGS stress term is defined as:
Where ν e is the SGS eddy viscosity and ij S is the strain tensor of grid-filtered velocity.
Smagorinsky model based on isotropy-of-the-small-scales assumption has been broadly used due to its simplicity and accuracy [ [29] ]. Although the simulation of a homogeneous isotropic turbulence using Smagorinsky model may agree well with the experiment, SGS model does not have the versatility for various flow fields including the one in the present study. Thus, the Dynamic SGS model [ [13] ] was considered.
Initial and boundary conditions
The In the work reported in [ [18] ], convective boundary condition was used at the exit of the computational domain. An artificial 'buffer' zone was employed at the end of the computational domain to return the turbulent outflow to the Blasius laminar inflow profile, in order to apply periodic boundary conditions in the streamwise direction in the use of a fully spectral method. In our work, the outlet boundary condition of the computational domain was defined by the pressure value measured at the streamwise position of x =180mm in the wind tunnel test.
The condition at the top boundary of the computational domain in [ [18] ] was defined by a suction (normal) velocity profile V top (x) with a Gaussian distribution. By doing so, the separation and the reattachment points were fixed. Alternatively the entire wind tunnel was included in the model [[32] ]. However, fixing the positions of the separation and reattachment does not suit the present study, as effective synthetic jets modify the separation and reattachment points. Instead of the velocity profile defined at the upper boundary of the domain, a pressure profile was applied with the following function.
Where P is the static pressure as a function of the location and time. The setting of the models' height (in wall-normal direction) in this simulation was extensively examined and carefully decided [ [19] ]. The pressure coefficient from the experimental measurement, as shown in 
Numerical Method
By filtering the Navier-Stokes and the continuity equations in space, grid-filtered governing equation and Sub-grid scale stress (SGS) terms were produced. Dynamic Smagorinsky model was used for the approximation of SGS stress terms. Filtered Equations (2) and (3) were discretised in space using a hybrid scheme of the second-order central difference and first order upwind difference. 2,686,320 grid points were used, consisting of the concentrated mesh near the wall and the orifice of the SJA. ΔY + at the first node off the wall in the boundary layer was less than 0.6, and the corresponding ΔX + was less than 19 and ΔZ + less than 50. To test the grid independence, the mesh was refined with decreased ΔX + and ΔZ 
Simulation of Laminar Separation Bubble
In the development of the baseline flow model, a laminar separation bubble was formed in the boundary layer. Sample results are presented in the following sections to identify the separation bubble and to analyze the mechanics associated. x (mm) For a laminar separation bubble in a short mode, caused by relatively moderate adverse pressure gradient, the vigorous mixing in the region of the maximum fluctuating velocity, u' max , leads to reattachment [7] . The development of the 'maximum fluctuating velocity' along the streamwise centerline is shown in Fig. 7 . Note that this 'maximum fluctuating velocity', u' max, is the maximum in the fluctuating velocity profile at a streamwise position. As shown in Fig. 7 , 
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Transition from laminar to turbulent
Simulation results in Figures 6 and 7 show that the laminar separation bubble, including the separation point and the re-attachment, was well captured. However, questions remain for the capability of this LES model to simulate the transition from laminar to turbulent. Vorticity may be used to identify the mixing between the sub-layer and the rest of the boundary layer. Figure 8 presents the iso-surface of the instantaneous vorticity of 2000 near the wall. Note that the distance is in the unit of meter and the spectrum bar gives the scale of the time averaged streamwise velocity. As shown in Fig. 8 , the mixture starts to be enhanced at about x = 110 mm, where the flow is still separated. Following this, the re-attachment occurs very quickly. It can also be observed that the large-scale waves transfer in streamwise direction and the laminar layer breaks down into streak structure downstream, similar phenomenon as described in [ [1] ]. After the reattachment occurs at about x =134 mm, the flow structure becomes finer and more complicated. Further downstream, the turbulence level increases quickly. 
Model Verification
The numerical simulation of the laminar separation bubble is verified by experiment. Results of the mean and fluctuating velocity profiles, the bubble length and the pressure distribution will be compared between the LES simulation and the wind tunnel experiment. 
Where u i is the ith sample data of the instantaneous streamwise velocity, u is the mean of the streamwise velocity, and N is the sample size of one realization.
Both numerical and experimental results in Fig. 10(a) show consistently the inflection points in the velocity profiles at y positions close to the wall in the region of x = 40~120 mm, indicating a separation region. In the same separation region, the fluctuating velocity shown in Fig. 10(b) is small, further indicating that it is a laminar separation. Both numerical and experimental results 21 in Fig. 10 The iso-surface of the inflectional points with zero streamwise velocity u avg = 0 is used to visualize the shape and dimensions of the separation bubble, as shown in Fig. 11 . pressure distribution is where the laminar separation bubble exits. Gaster [[5] ] proposed a twoparameter bubble criterion by means of a relationship between the Reynolds number at separation which was based on the momentum thickness θ, and the variation of the free stream velocity over the separation zone. This relation can be described by equation (8) .
Where P is pressure parameter, is the variation of the free stream velocity over the bubble, and is the bubble length. Based on the momentum thickness and the drop of the free stream velocity in the separation region obtained numerically and experimentally, the corresponding Re
and P are 300 and -0.14 respectively. In accordance with Gaster's criterion, the separation in the present study is identified as short-bubble separation. This also confirms the height in wallnormal direction of the computational domain, as the short bubble has no influence to the free stream. However, significant differences exist in other output from the same simulations. Table 2 shows the positions of the separation and reattachment points from two simulations with total time steps of 800 and 1600, compared with the experiment. The separation point appears earlier and the reattachment point does later with 800 time steps than that with 1600 time steps. As a result, the bubble length with 800 time steps is 10% longer than that with 1600 time steps. The separation bubble with 800 time steps is also outside the range of the bubble length obtained from the experiment. Compared with the experimental results, the positions of separation and reattachment points and the bubble length with 1600 time steps agree well with the experimental results. 1600 time steps were therefore adopted in the simulations. 
Simulation with SJA
In the present numerical simulation with the SJA installed, the cycle involving compression and expansion processes in the cavity of the SJA was not simulated. Instead, the velocity along the centreline of the orifice of the synthetic jet was defined as an inlet to the computational domain at the exit of the SJA. The jet velocity was assumed to be a sine function of time in the y direction, and defined as
Where U jet and W jet are the jet velocity values in the streamwise (x) and spanwise (z) directions respectively, and V jet is the jet velocity along the axial centreline of the orifice in the normal (y) direction. V jet,max is the amplitude of the sine function. f is the forcing frequency and t is the time.
The first assumption here is that the outlet flow along the axial centreline of the orifice of the SJA is a function of time and a sine wave without consideration of the phase change. It is possible in a real flow that the phase and/or the profile of the jet velocity would vary with time.
The second assumption is that the synthetic jet be unaffected by the constriction at the orifice based on our experimental investigation [[8] ]. Therefore, the round shape of the orifice of the SJA is replaced by a squared one in the numerical model. The third assumption is that the fluctuating component of the jet velocity be ignored. Figure 2 shows the location of the jet velocity defined as an input in the computational domain. Consistently located as in the experiment, the centreline of the orifice of the SJA in the numerical simulation is on the streamwise centreline of the flat plate and 20mm from the inlet of the computational domain. In the 3-D coordinates, the jet velocity was defined at x = 0, y = 0 and z = 0.
Based on our experimental results [ [9] ], the non-dimensional frequency F + = ∞ U x f of the baseline flow was calculated to be in a range of 0.72~1.41. In this calculation, the forcing frequency, f, was 100 Hz. The length of the laminar separation bubble, x = 60~100mm, was taken as the characteristic length and the freestream velocity U ∞ was the velocity of the local potential flow. To sufficiently cover the frequency components in the simulation, the time step was set at Δt = 0.0002 second, so that the sine wave with a frequency of 100 Hz could be numerically sampled by 50 time steps. The simulation of the baseline flow without SJA was run until an equilibrium flow state was reached. The equilibrium flow state then served as the initial conditions for the simulations with the SJA. Figure 14 shows the iso-surface of the vorticity magnitude near the wall when the jet is off and on with a forcing frequency of 100 Hz and with a maximum jet velocity of 6.0 m/s. It can be observed from Fig. 14(a) that the iso-surface of the vorticity (vortex layer) separates from the wall when the SJA is switched off. The large-scale waves transfer in streamwise direction and the laminar layer breaks down into streak structure inclining in downstream direction, which was identified in previous work as reported in [ [1] ]. After the reattachment, the structure becomes finer and more complicated. It demonstrates that LES is sufficiently capable to simulate the transition in a laminar separation boundary layer and the development of a turbulent boundary layer with limited grid points. In comparison with Fig. 14(a) , the 'breaking down' when the SJA is switched on, as shown in Fig. 14(b) , occurs much earlier (more upstream), and spreading gradually and symmetrically in spanwise direction. The longitudinal vortex structure observed under the vortex layer seems to play an important role in accelerating the turbulence to resist the laminar separation when the SJA is switched on. Experimental results were used to verify the numerical model involving the SJA. Figure 15 shows the comparison of the experimental and numerical results of mean and fluctuating velocity profiles at seven streamwise stations along the streamwise centreline, z = 0, when the synthetic jet actuator is switched on. The forcing frequency is 100 Hz and the maximum jet velocity is 6.0 m/s. Based on the experiments, the separation point in the baseline flow was at a position between 40mm to 60mm, and the reattachment point was between x = 120 and x = 140 mm [ [9] ].
Verification of model with SJA
The numerical simulation of the baseline flow consistently predicted that the separation point was at x = 41mm, and the reattachment point at x = 134 mm, as shown in Figure 10 . As shown in Fig. 15(a) , both numerical and experimental results of the mean velocity profiles with the inflexion points in the baseline flow are removed by the SJA and the laminar separation bubble does not exist. Figure 15(b) shows that the separation bubble is removed because the fluctuating velocity, triggered by the SJA, enhances the mixing between the shear layer and the rest of the boundary layer. As a result, the laminar boundary layer is protected from separation. Considering effective resistance to the laminar separation, the numerical and experimental results agree well. As shown in Figure 15 , the numerical and experimental mean velocity profiles agree better in the region from x = 40mm to x = 80mm than that in the rest of the region. However, the comparison of the boundary layer thickness in Figure 16 shows more difference between the numerical and experimental results in the region from x = 40mm to x = 80mm than that in the rest of the region. In the region from x = 100mm and x = 160 mm, the numerical boundary layer thickness agrees well with the experimental one, while the comparison in the same region in Figure 15 shows less agreed results between the simulation and the experiment.
As described previously, Blasius velocity profile was assumed at the inlet of the computational domain with an adjusted freestream velocity. Instead of simulating the physical cycle in the actuator, a function of the jet velocity at the center of the exit of the SJA was specified. On the other hand, as we have experienced, the flow simulated was very sensitive to the disturbance triggered by the synthetic jet. The width of the computational domain and the grid ratio may also require further improvement when more computational resources are provided. Therefore, the assumptions made in the initial and boundary conditions and some of the numerical methods adopted could all contribute to the errors in the numerical simulation. In the wind tunnel experiment, it was noticed that the fluctuating velocity with the SJA operating at a forcing frequency of 100 Hz and forcing amplitude of ±7.5V was smaller than that without the synthetic jet at x = 160 mm [ [9] ]. This has led to an idea of enabling the SJA to play dual roles in enhancing as well as reducing the turbulence to meet various control objectives [9] . Figure 17 compares the fluctuating velocity profiles without the jet to that with the jet at a forcing frequency of 100 Hz for both experiment and simulation, at x = 160mm. It shows that the numerically simulated fluctuating velocity with the jet on is also smaller than that without the jet.
This observation from the numerical simulation is consistent with that from the experiment. The vorticity concentrated on both sides of the streamwise centreline is further confirmed by the iso-surface of the averaged positions with u avg = 0, in Fig. 18(b) . As shown by the region with u avg = 0 removed in Fig. 18(b) , the laminar separation originally in the baseline flow is successfully resisted by the synthetic jet. Although the bubble is not entirely removed, the laminar separation region symmetric about the streamwise centreline has disappeared. The minimum width of the eliminated separation bubble is about 16mm as measured at x = 90mm, equivalent to 32 times the jet orifice diameter. Such information should be necessary for determining the distance between two SJAs in spanwise direction.
The developed model will be applied to help us understand the physics involved in the experiments. For example, the experimental results showed that the effect of the forcing frequency on the effect of flow control was more significant than that of the forcing amplitude [8, 9] . The numerical simulation may provide more detailed information for us to understand why. In Figure 19 The iso-surface of inflectional points with u avg =0 was used to visualize the separation zone eliminated by the SJA, and the iso-surface of vorticity was used to help understand the associated physics. They were used to show the interaction between the synthetic jet and the flow to be controlled.
As we experienced, the baseline flow was very sensitive to the disturbance triggered by the SJA. The level of difficulties in simulating the transition from laminar to turbulence and in handling the diffusion increased when the SJA was switched on. However, numerical simulation has shown its potential in helping the development of SJAs. The outcomes of numerical simulations should contribute to shortening the time on realizing the use of SJAs in a real world.
